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Abstract: The effect of age hardening on the microstructure, martensitic transformation behavior, and shape memory 
properties of the (Ni50Ti30Hf20)95V5 alloy was investigated by scanning electron microscopy, transmission electron 
microscopy, X-ray diffraction, differential scanning calorimetry, microhardness, and bending tests. The results 
demonstrate a significant influence of V addition on the microstructure of the alloy. V addition leads to the formation of 
a (Ni,V)2(Ti,Hf)-type Laves phase, which coexists with B19' martensite at room temperature. Aging at 550 °C results in 
precipitation hardening due to the formation of nano-scale orthorhombic H-phase, with the peak hardness observed after 
3 h of aging. The alloy at peak hardness state exhibits higher transformation strain and lower unrecovered strain 
compared to the solution-treated sample. The aged sample achieves a maximum transformation strain of 1.56% under 
500 MPa. 
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1 Introduction 
 

NiTiHf-based high-temperature shape memory 
alloys (HTSMAs) have emerged as the promising 
candidates for practical applications in various 
engineering fields, such as automotive, aerospace, 
and nuclear energy, within the temperature range of 
100−300 °C [1,2]. These alloys possess superior 
functional properties, including shape memory 
effect (SME), superelastic behavior, and significant 
work outputs resulting from reversible thermo- 
elastic martensitic transformation (MT) [3]. 
However, compared to binary NiTi alloys, ternary 
NiTiHf alloys exhibit inferior shape recovery 

properties due to their relatively low critical stress 
for dislocation slip [4,5]. Our previous studies 
suggested that this low critical stress for dislocation 
slip arises from the large volume effect of MT and 
the incapability of alloy matrix to elastically 
accommodate the stress during crystallographic 
rearrangement [6,7]. 

To enhance the recovery strain of NiTi-based 
SMAs through the increase of the dislocation slip 
stress of matrix, several strategies have been 
explored, including grain refinement, precipitation 
hardening and quaternary alloying. Grain 
refinement through severe plastic deformation is a 
promising strengthening method for NiTi-based 
alloys [8−12]; however, its commercial application 

                       
Corresponding author: Aleksandr V. SHUITCEV, Tel: +86-451-82518644, E-mail: shuitcev@hrbeu.edu.cn; 

 Yun-xiang TONG, Tel: +86-451-82518644, E-mail: tongyx@hrbeu.edu.cn 
DOI: 10.1016/S1003-6326(24)66608-2 
1003-6326/© 2024 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press 
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)  

tel:+86-451-82518644
mailto:tongyx@hrbeu.edu.cn


Aleksandr V. SHUITCEV, et al/Trans. Nonferrous Met. Soc. China 34(2024) 3282−3294 3283 

is limited due to the restricted ductility of NiTiHf 
based alloys. 

Another potential approach is precipitation 
hardening, which has shown positive effects on the 
strain recovery properties of Ni-rich NiTiHf alloys. 
Previous studies have identified the formation of 
coherent nano-sized precipitates, known as the 
face-centered orthorhombic phase or H-phase, in 
Ni-rich Ni50.3Ti29.7Hf20 alloys aged at 550 °C for  
3 h [13−17]. These precipitates significantly impact 
MT temperatures and improve the strain recovery 
properties of Ni-rich NiTiHf alloys. For example, 
Ni50.3Ti29.7Hf20 alloy aged at 550 °C for 3 h exhibits 
near-perfect high-temperature superelastic behavior 
with a fully recoverable strain of 4% [14]. 

Quaternary alloying has also proven effective 
in strengthening the NiTiHf matrix. Various 
alloying elements, including Nb [18], Ta [19],    
Sc [20,21], Y [22], Ag and Sn [23], Al [24],     
Cu [25−28], Pd [29,30], and Zr [31,32] have been 
added to NiTiHf alloys. These alloying elements 
exhibit different effects on the transformation 
temperatures (TTs) and grain size of NiTiHf alloys, 
as well as on their strength and strain recovery 
properties. For example, all of the above-mentioned 
elements except Zr reduce the TTs. Addition of   
Al reduces TTs at a rate of 100 °C/at.% in 
Ni50Ti30−xHf20Alx alloys [24], while the alloying of 
Y has an insignificant effect on TTs with a rate of 
1−1.5 °C/at.% [22]. The role of Zr in NiTiHf matrix 
is more complicated. Depending on Zr content, the 
increasing of TT rate varies from 6−7 to 50 °C/at.% 
in Ni50Ti38−xHf12Zrx alloys [31]. The additions    
of Nb and Ta improve the workability of NiTiHf 
alloys by forming soft β-Nb and Ta-rich phases, 
respectively [18,19]. The additions of Y and Sc 
reduce the grain size of NiTiHf matrix by forming 
Y- and Sc-rich precipitates distributed along grain 
boundaries [20−22]. Quaternary elements can 
significantly enhance the strength of the alloy 
matrix, positively affecting the strain recovery 
properties. For example, a high-strength single 
crystal Ti29.7Ni45.3Hf20Pd5, with [111] orientation, 
exhibits perfect superelastic behavior and a fully 
recoverable strain of 4.2% [33]. 

It has been reported that the addition of a small 
amount of V into binary NiTi alloys improves strain 
recovery properties due to solution strengthening 
effect [34], while lager amount of V leads to the 

appearance of soft β-V phase [35,36]. The above 
results indicate that the addition of V into NiTiHf 
alloys may enhance the functional properties 
through solution strengthening and precipitation 
strengthening. However, the influence of V on the 
microstructure and functional properties of ternary 
NiTiHf alloys remains unknown. To address this 
gap, we added V to Ni50Ti30Hf20 alloy and 
investigated the evolution of microstructure and 
functional properties with aging in (Ni50Ti30Hf20)95- 
V5 HTSMAs. 
 
2 Experimental 
 

A 70 g (Ni50Ti30Hf20)95V5 (at.%) alloy ingot 
was prepared by arc melting at a high-purity  
argon atmosphere with high purity raw materials. 
Hereafter, this composition is expressed as  
NiTiHfV. The ingot underwent eight remelting 
cycles, with flipping after each melting step to 
ensure composition homogeneity. Prior to melting 
the NiTiHfV alloy, a pure Ti button was melted as 
an oxygen-getter. After melting, the ingot was 
sealed in a vacuum inside a quartz tube and 
subjected to solution treatment at 900 °C for 4 h, 
followed by water quenching. Samples with a 
thickness of approximately 1 mm were prepared by 
electro-spark cutting from the solution-treated alloy. 
The sample surfaces were ground to remove cutting 
marks. Subsequently, some samples were aged at 
550 °C for different durations ranging from 0.1 to 
10 h. Aging with durations longer than 1 h was 
performed in evacuated quartz tubes to prevent 
oxidation. Aging at 550 °C has been reported to 
yield the best strain recovery properties in NiTiHf- 
based alloys, as mentioned in Refs. [11,12]. 

The phase transformation behavior was 
investigated by differential scanning calorimetry 
(DSC) using a Perkin Elmer diamond instrument 
with heating and cooling rates of 20 °C/min. X-ray 
diffraction (XRD) was carried out on a PANalytical 
Xpertʹpro diffractometer using Cu Kα radiation by 
step-scanning in the 2θ range of 25°−110°. The 
MAUD software package [37] was used for the 
analysis of XRD data. 

Microstructure characterization was conducted 
using scanning electron microscope (SEM) 
equipped with energy dispersive spectroscope 
(EDS). SEM images were acquired in backscattered 
electron (BSE) mode. The transmission electron 



Aleksandr V. SHUITCEV, et al/Trans. Nonferrous Met. Soc. China 34(2024) 3282−3294 

 

3284 

microscopy (TEM) observations were performed 
using a Talos 200FX G2 electron microscope 
operated at 200 kV with a double-tilt stage. The 
foils for TEM observations were prepared by 
mechanical grinding of the samples to a thickness 
of 50 μm, followed by low-temperature ion-milling. 

Shape memory effect (SME) measurements 
were conducted using a dynamic mechanical 
analyzer (DMA 850) from TA Instruments equipped 
with a three-point bending clamp. The distance 
between the two supporting pins was 20 mm. The 
sample dimensions for SME determination were 
30 mm × 0.9 mm × 0.5 mm. A constant flexural 
stress was initially applied to the midpoint of the 
sample, and then the sample was cooled and heated 
at a rate of 5 °C/min to measure the flexural strain 
during MT. After each cycle, a higher flexural stress 
was applied. Microhardness measurements were 
carried out on a HVS−1000 Vickers microhardness 
tester. Samples for microhardness testing were 
mechanically polished. To avoid the indentation 
size effect [38], the load on the indenter was chosen 
to be 200 g with a loading duration of 10 s. The 
data reported are the average of at least 10 points of 
each sample measured. 
 
3 Results and discussion 
 
3.1 Age hardening behavior 

The evolution of microhardness as a function 
of aging time for NiTiHfV alloy aged at 550 °C is 
illustrated in Fig. 1. The as-cast sample exhibits   
a microhardness value estimated at HV (432±3). 
After solution treatment, the microhardness value 
decreases to HV (417±7) and reaches a peak of 
HV (535±5) after 3 h of aging at 550 °C. 
Subsequent aging results in a continuous decrease 
in microhardness to HV (520±5) after 10 h. This 
evolution of microhardness with aging duration 
confirms the classical behavior of precipitation 
hardening. Similar results are observed in 
Ni50Ti30Hf20 [39], Ni50.3Ti29.7Hf20 [40] and 
Ni50.8Ti34.2Zr15 [41] alloys aged at 550 °C, although 
the peak in hardness appears at different aging 
duration due to the different Ni contents in alloy 
matrix. For the NiTiHfV alloy, aging at 550 °C 
results in a maximum increase in hardness of 
approximately HV 117. By comparison, the 
hardness increases in Ni50.3Ti34.7Hf15 [42], 
Ni50Ti30Hf20 [39], and Ni50.8Ti34.2Zr15 [41] alloys are 

reported to be approximately HV 78, HV 125, and 
HV 169, respectively. 
 

 
Fig. 1 Evolution of microhardness as function of aging 
time for NiTiHfV alloy aged at 550 °C 
 
3.2 Microstructure evolution 

Figures 2(a−c) display the backscattered 
electron (BSE) micrographs of the as-cast, solution- 
treated, and aged (550 °C for 3 h) NiTiHfV  
samples, respectively, revealing the presence of two 
distinguishable phases. The first phase corresponds 
to the matrix, appearing as light grey in color. The 
second phase consists of inclusions, exhibiting a 
dark grey color and primarily distributed along the 
grain boundaries of the matrix. The evolution of 
surface area fraction and size of the second phase is 
presented in Fig. 3. For the as-cast sample, the 
surface area fraction of the second phase is 
estimated to be (27.6±4.0)%. After solution 
treatment, the surface area fraction is reduced to 
(16.8±2.5)% and does not change after aging at 
550 °C for 3 h. The widths of the second phase 
inclusions are calculated to be (5.4±1.6), (2.5±0.8) 
and (5.4±0.8) μm for the as-cast, solution treated 
and aged samples, respectively. 

The chemical compositions of the matrix and 
second phase of NiTiHfV alloy after different heat 
treatments were measured by EDS analysis and are 
listed in Table 1. Unfortunately, the quaternary 
Ni−Ti−Hf−V phase diagram is not available, 
making the direct identification of the second phase 
a challenging task. However, based on the 
composition and element ratios, it is proposed that 
the second phase in the studied alloy corresponds to 
a (Ni,V)2(Ti,Hf)-type Laves phase [43]. 
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Fig. 2 BSE micrographs of as-cast sample (a), solution- 
treated sample (b) and sample aged at 550 °C for 3 h (c) 
 

The decrease in the area fraction of the Laves 
phase is likely attributed to an increase in the 
solubility of V into NiTiHf matrix at 900 °C. This 
assumption is supported by the results presented in 
Table 1, where the V content in the matrix of the 
solution-treated sample increases to approximately 
4.4 at.% compared to approximately 3 at.% in the 
as-cast and aged samples. Moreover, the reduction 
in width of the second phase further supports this 
assumption. The solubility of V in binary NiTi 
matrix at 900 °C is estimated to be ~7 at.% [44,45].  

 

 
Fig. 3 Evolution of surface area fraction and size of 
second phase in NiTiHfV samples 
 
The changes in the area fraction and width of 
(Ni,V)2(Ti,Hf) phase result in alterations in the 
strength of the alloy. For instance, the micro- 
hardness in NiTiHfV alloy decreases from 
HV (432±3) to HV (417±7) for the as-cast and 
solution-treated samples, respectively. 

To shed light on the structure of NiTiHfV alloy, 
XRD analysis was carried out. Figure 4 shows   
the room-temperature XRD patterns of differently 
treated NiTiHfV samples. One of the phases 
observed is monoclinic B19′ martensite, which 
contributes to the multiple overlapped diffraction 
peaks of the pattern. In this case, phase or Rietveld 
analysis could not be readily made. Therefore,   
Le Bail refinement of the measured diffraction 
patterns was used to determine the crystallographic 
parameters of the phases [46]. All the observed 
diffraction peaks are properly described during  
the refinement with one exception. The diffraction 
patterns of the solution-treated and aged samples 
show an additional diffraction peak at a scattering 
angle of 2θ≈41°, corresponding to lattice spacing  
of ~2.2 Å. This closely corresponds to the position 
of most intensive X-ray diffraction peaks (426)  
and (040) of H-phase [17]. The intensity of the 
additional diffraction peak is very small in the 
pattern of the solution-treated sample but increases  

 
Table 1 Chemical compositions of matrix and second phase for NiTiHfV alloy at different states 

Alloy 
Composition of matrix/at.%  Composition of second phase/at.% 

Ni Ti Hf V  Ni Ti Hf V 

As-cast 49.59 29.20 18.13 3.08  33.02 25.13 13.64 28.21 

Solution-treated 48.19 31.01 16.40 4.41  33.32 24.38 13.19 29.11 

Aged (550 °C, 3 h) 50.01 28.09 18.99 2.91  32.84 24.81 13.61 28.75 
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Fig. 4 Room-temperature XRD patterns and corresponding 
Le Bail refinement fits of as-cast sample (a), solution- 
treated sample (b) and sample aged at 550 °C for 3 h (c) 
 
by ~10 times in that of the aged sample. This is 
possibly related to the precipitation and growth   
of H-phase particles. The diffraction peaks of 
austenitic B2 phase (space group Pm3m) are only 
distinguishable for the as-cast sample. Thus, the 
main phases in NiTiHfV samples at room 
temperature are monoclinic B19′ martensite (space 

group P21/m) and Laves phase (space group 
P6/mmc). 

The crystal lattice parameters of different 
phases in NiTiHfV samples are listed in Table 2. It 
is seen that heat treatment barely affects the lattice 
parameters of B19′ martensite and Laves phase. 
Moreover, lattice parameters of B19′ martensite are 
close to those previously reported for Ni50.3Ti29.7Hf20 
alloy, i.e., a=3.053 Å, b=4.065 Å, c=4.871 Å and 
β=103.1° [6]. Therefore, the addition of 5 at.% V  
to NiTiHf does not significantly alter the lattice 
parameters. Lattice parameters of Laves phase are 
consistent with those of hexagonal Laves phase 
(Ni,V)2(Hf,Ti) reported in Ref. [43], i.e., a=5.024 Å 
and c=8.194 Å, considering the compositional 
difference between this phase in the studied 
samples (Table 1) and that defined in Ref. [43]. 
 
Table 2 Lattice parameters of various phases in NiTiHfV 
alloy 

Phase Parameter 
As- 
cast 

Solution- 
treated 

Aged 
(550 °C, 3 h) 

B19′ (P21/m) 

a/Å 3.047 3.051 3.048 

b/Å 4.094 4.084 4.083 

c/Å 4.852 4.860 4.853 

β/(°) 102.6 102.6 102.7 

B2 (Pm3m) a/Å 3.080 − − 

Laves phase 
(P6/mmc) 

a/Å 4.997 4.991 5.001 

c/Å 8.188 8.185 8.192 

 
Figure 5 shows the TEM micrographs and the 

corresponding selected area electron diffraction 
(SAED) patterns of the solution-treated NiTiHfV 
alloy. The martensitic variants characterized by the 
lath-like morphology are well-defined (Fig. 5(a)). 
The SAED pattern in Fig. 5(b) shows that 
martensite substructure is mainly (001) compound 
twin. The variants are related to the (111) type I 
twin, which is confirmed by the pattern shown in 
Fig. 5(b) taken from the interface of variants in 
Fig. 5(a) marked with circle. The (111) type I 
martensitic variants were previously reported for 
TiB/NiTiHf composite [47,48]. No precipitates of 
H-phase are identified in the martensitic matrix. 

Bright field image of the second phase 
inclusion in the solution-treated NiTiHfV alloy is 
presented in Fig. 5(c). SAED pattern in Fig. 5(d) 
taken from the circled area in Fig. 5(c) confirms 
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Fig. 5 Bright field TEM micrographs (a, c) and corresponding SAED patterns (b, d) of martensite matrix (a, b) and 
inclusion of second phase (c, d) in solution-treated NiTiHfV alloy; STEM-HAADF image (e) of inclusion of second 
phase and corresponding EDS mappings (f) for Hf, Ni, Ti and V 
 
that the inclusion is the Laves phase. Figure 5(e) 
shows a STEM-HAADF TEM micrograph and 
Fig. 5(f) shows the elemental mapping images for 
Hf, Ni, Ti and V. It can be observed that the Laves 
phase is much richer in V and poorer in Ni and Ti 
compared to the matrix. The difference in Hf 
content is relatively small between the two phases. 

This aligns well with the composition measured by 
EDS, as given in Table 1. 

The TEM micrograph and the corresponding 
SAED pattern of the sample aged at 550 °C for 3 h 
are shown in Fig. 6. Clear evidence of H-phase 
precipitates can be observed in Fig. 6(a) and is 
confirmed by the corresponding SAED pattern in 
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Fig. 6(b). The size of H-phase precipitates is 
estimated to be (28.4±2.1) nm in length (long axis) 
and (11.2±0.8) nm in width (short axis) (Fig. 7(a)). 
It is important to note that aging at 550 °C for 3 h 
leads to the attainment of peak hardness, reaching a 
value of HV (535±5) (Fig. 1). The peak hardness 
typically signifies a transition in the interaction 
mechanism between the precipitates and 
dislocations. Initially, the dominant mechanism is 
dislocation cutting, but as the precipitates reach a 
critical size, the coherency between the matrix and 
precipitates is broken down, and dislocations are 
compelled to loop around the precipitates instead of 
being cut through by them (known as the Orowan 
mechanism). Figure 7(b) shows the evolution of 
critical size of H-phase which corresponds to the 
peak hardness as a function of aging temperature 
for NiTiHf-based alloys. Previous studies have 
reported the critical size of the H-phase to be 
approximately (31.6±2.5) nm in length and 
(12.6±0.8) nm in width for Ni50Ti30Hf20 alloy aged 

at 550 °C for 10 h [49]. The critical size of the 
H-phase observed in our study for the NiTiHfV 
alloy aligns well with these findings reported. 

The bright field, dark field, STEM-HAADF 
and the elemental mapping images for Hf, Ni, Ti 
and V of the second phase of aged NiTiHfV alloy 
are shown in Figs. 8(a−d). The Laves phase clearly 
exhibits distinguishable new inclusions. These 
inclusions are characterized by a higher Ti content 
and lower V and Hf content compared to the 
surrounding Laves phase. The difference in Ni 
content between the two phases is relatively small. 
EDS analysis estimates the composition of the new 
inclusions as follows: 49.0 at.% Ti, 35.5 at.% Ni, 
9.9 at.% Hf, and 5.6 at.% V. The SAED patterns of 
the inclusion phase are shown in Figs. 8(e−h) along 
its [ 00 1 ] , [1 1 4 ] , [ 111] , and [116 ]  zone 
axes, respectively. Combining the EDS and SAED 
results indicates that this phase is the Ti2Ni-type 
phase with a cubic structure (space group: Fd3m). 
The lattice parameter is estimated to be 11.428 Å,  

 

 
Fig. 6 TEM micrograph (a) and corresponding SAED pattern (b) of NiTiHfV alloy aged at 550 °C for 3 h 
 

 

Fig. 7 Histogram of particle size distribution of H-phase in NiTiHfV alloy after aging at 550 °C for 3 h (a, aʹ), and 
comparison of critical size of H-phase corresponding to peak strength (b) 
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which closely aligns with the Ti2Ni phase observed 
in binary NiTi alloys (11.3193 Å) [50]. Notably, the 
absence of the Ti2Ni-type phase in the solution- 
treated sample suggests its formation during aging 
as a result of the decomposition of the Laves  
phase of (Ni,V)2(Hf,Ti). The presence of Ti2Ni- 
type inclusions within the Laves phase further 
substantiates this assumption. 

3.3 Evolution of transformation temperatures 
The DSC curves for the NiTiHfV alloy aged  

at 550 °C for various durations are presented in 
Fig. 9(a). During heating and cooling cycles, single 
endo- and exothermal peaks are observed in all 
cases, indicating a single-step transformation 
corresponding to reversible B2↔B19′martensitic 
transformation in NiTiHf-based alloys. Figure 9(b)  

 

 
Fig. 8 TEM bright field (a), dark field (b) and STEM-HAADF (c) images of Laves phase with inclusions of Ti2Ni-type 
phase and corresponding EDS mapping (d) for Hf, Ni, Ti and V; SAED patterns of Ti2Ni-type phase taken along 
[ 00 1 ]  (e), [1 1 4 ]  (f), [ 111]  (g), and [116 ]  (h) zone axes 
 

 
Fig. 9 DSC curves (a) of NiTiHfV alloy aged at 550 °C and evolution of TTs (b) and hysteresis (c) as function of aging 
duration 
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displays the martensitic (Mp) and austenitic (Ap) 
transformation peak temperatures as a function of 
aging duration. The as-cast sample exhibits the 
lowest Mp temperature, approximately 69 °C, while 
the highest Mp temperature of 130 °C is observed in 
the solution-treated sample. Short-duration aging  
of 6 min at 550 °C results in decreasing of Mp 
temperature to ~79 °C. Subsequent continuous 
aging leads to an increase in TTs. Mp and Ap 

temperatures are stabilized after 1 h aging at 
~128 °C and 3 h at ~173 °C, respectively. 

The difference in transformation temperatures 
between the solution-treated and as-cast samples 
can be attributed to the varying V contents in the 
alloy matrix (see Table 1). Further changes in 
transformation temperatures after aging are 
primarily due to the formation of H-phase 
precipitates (Fig. 6(a)). This behavior of TTs during 
precipitation hardening is typical for NiTiHf-based 
alloys. The decrease in TTs is associated with a 
higher volume fraction of nanometric precipitates 
and a smaller interparticle distance, which suppresses 
MT. Consequently, a greater undercooling is 
required for the initiation of the martensitic shift. 
The increase in TTs after aging is correlated with 
the change in Ni content within the alloy matrix 
caused by H-phase precipitation. The decrease and 
increase of TTs are commonly referred to as 
mechanical and chemical effects, respectively [4]. 

The evolution of transformation hysteresis 
(Ap−Mp) is shown in Fig. 9(c). The solution-treated 
sample exhibits the largest hysteresis, 60 °C 
approximately. Aging at 550 °C for up to 1 h 
reduces the hysteresis to 30 °C. Further increase  
in aging duration enhances the transformation 
hysteresis up to ~40 °C. The significant increase in 
hysteresis is associated with the higher V content in 
the NiTiHf matrix resulting from the solution 
treatment. Similar effect has been observed for 
ternary NiTiNb alloys [51], where an increase in Nb 
content in the NiTi matrix leads to an increase    
in transformation hysteresis. The decrease of 
hysteresis upon aging is attributed to the formation 
of fine nano-scale H-phase precipitates. These fine 
precipitates improve the resistance to the defect 
formation [52], increase the elastic energy storage 
of an alloy matrix [53] and do not interfere with the 
growth of wide martensite variants during MT, 
resulting in lower transformation hysteresis. Further 
increase in aging duration leads to a rise in 

hysteresis due to larger precipitates that hinder the 
growth of martensite variants within the space 
between precipitates. Consequently, more energy is 
dissipated during MT, leading to an increase in the 
transformation hysteresis [52]. 

The observed increase in hysteresis during the 
aging process at 550 °C for the NiTiHfV alloy 
aligns with previous findings for Ni50Ti30Hf20  
alloy [49]. However, unlike the continuous increase 
in hysteresis observed in Ni50Ti30Hf20 alloy, the 
NiTiHfV alloy exhibits a leap increase in thermal 
hysteresis. This leap can be attributed to the 
decomposition of the Laves phase (Ni,V)2(Hf,Ti) 
and the subsequent formation of the Ti2Ni-type 
phase. This phase transformation leads to a 
redistribution of V atoms among the B2, Ti2Ni-type, 
and Laves phases. Consequently, this structural 
evolution contributes to the significant rise in 
thermal hysteresis observed in the NiTiHfV alloy. 
 
3.4 Shape memory property 

Figures 10(a, b) depict the strain−temperature 
curves for the solution-treated and aged samples of 
NiTiHfV alloy, respectively. It is evident that the 
aged sample exhibits larger transformation strain at 
all stress levels than the solution-treated sample. 
Transformation and unrecovered strains for both 
samples as well as the relationship between 
transformation strain and applied stress are 
presented in Fig. 10(c), revealing a continuous 
increase in transformation strain with the rise in 
applied stress. The transformation strains are found 
to be 0.7% and 1.2% at 400 MPa for the 
solution-treated and aged samples, respectively. For 
each applied stress, the unrecovered strain levels 
were measured at temperatures above Af (the finish 
temperature of reverse MT) by calculating the 
difference in strain between the heating and cooling 
curves. The experimental results show unrecovered 
strains of 0.11% and 0.02% at 400 MPa for the 
solution-treated and aged samples, respectively. The 
significant reduction in unrecovered strain in the 
aged sample is attributed to the precipitation 
hardening of H-phase. The presence of nano-scale 
H-phase precipitates acts as dislocation barriers, 
impeding the movement of dislocations and thereby 
increasing the dislocation slip stresses. This 
enhancement in dislocation slip stresses contributes 
to a more efficient and reversible strain recovery 
behavior in the aged sample. 
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Fig. 10 Strain−temperature curves of solution-treated (a) 
and aged samples (b) of NiTiHfV alloy and effect of 
applied stress on transformation and unrecovered  
strains (c) 
 

In the aged sample, a transformation strain of 
1.56% and an unrecovered strain of 0.1% are 
achieved at 500 MPa. It is worth noting that the 
maximum transformation strain obtained in this 
study is lower than that observed in other alloys, 
such as Ni50.3Ti29.7Hf20 (4.7% at 500 MPa under 
tension) [54], Ni45.3Ti29.7Hf20Pd5 (3.3% at 1000 MPa 

under compression) [30], and Ni45.3Ti29.7Hf20Cu5  
(2% at 500 MPa under compression) [55]. 

However, these comparisons should be 
interpreted with caution due to several factors. 
Firstly, the current samples exhibit incomplete 
martensite reorientation/detwinning under the 
applied stress, which suggests that the 
transformation strain may not have reached its 
saturation point. Furthermore, the experimental 
scheme used (e.g., tension, compression, torsion, 
bending) can significantly influence the observed 
transformation strain due to unique crystallography 
of martensitic transformation. Additionally, the 
presence of the (Ni,V)2(Ti,Hf)-type Laves phase in 
the studied alloy, with a significant volume fraction, 
can contribute to the lower transformation strain 
values. The Laves phase does not actively 
participate in the MT process, which can affect the 
overall strain behavior of the alloy. 

The findings of previous research [53] have 
clearly demonstrated that the presence of H-phase 
in Ni50Ti30Hf20 alloy results in a reduction of 
unrecovered strain, but it also leads to a decrease in 
transformation strain. This effect is likely attributed 
to a decline in the interface mobility between 
martensite and austenite due to the formation of 
H-phase precipitates. However, in the case of 
NiTiHfV alloy, the formation of H-phase 
contributes to an increase in transformation strain  
in the aged sample when compared to the 
solution-treated one, despite the higher proportion 
of the secondary phase. This suggests that the 
redistribution of V atoms between the matrix and 
secondary phase may enhance the mobility of the 
martensite/austenite interface.  
 
4 Conclusions 
 

(1) Age hardening behavior is observed during 
aging at 550 °C, with a peak microhardness of 
HV (535±5) achieved after 3 h of aging. 

(2) Apart from the matrix, the NiTiHfV alloy 
exhibits the presence of (Ni,V)2(Ti,Hf)-type Laves 
phase. The absence of precipitation is confirmed in 
the solution-treated sample, while aging at 550 °C 
for 3 h leads to the precipitation of H-phase, as 
confirmed through TEM observations. 

(3) Transformation temperatures experience a 
sharp reduction with short-duration aging at 550 °C, 
followed by a continuous increase with aging time 



Aleksandr V. SHUITCEV, et al/Trans. Nonferrous Met. Soc. China 34(2024) 3282−3294 

 

3292 

due to the formation of H-phase precipitates. 
(4) H-phase precipitation strengthening 

significantly improves the shape memory effect of 
the alloy. The unrecovered strain decreases from 
0.11% to 0.02% at the stress of 400 MPa during 
three-point bending thermal cycling experiments for 
the solution-treated and 3 h aged samples at 550 °C, 
respectively. Moreover, the aged sample exhibits a 
maximum recovered strain of 1.46% at the stress of 
500 MPa. 
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摘  要：利用扫描电子显微观察、透射电子显微观察、X 射线衍射分析、差示扫描量热分析、硬度测试和弯曲测

试研究了(Ni50Ti30Hf20)95V5 合金的显微组织、马氏体相变行为与形状记忆性能。结果表明，添加 V 可显著影响合

金的显微组织。添加 V 会导致合金中形成室温下与 B19′马氏体相共存的(Ni,V)2(Ti,Hf)型 Laves 相。经 550 °C 时效

处理的合金表现出析出强化行为，这主要是因为合金中形成纳米尺寸的正交结构的 H 相。当时效时间为 3 h 时，

合金表现出峰值硬度。与固溶态合金相比，时效态合金表现出较大的相变应变和较小的不可恢复应变，当外加应

力为 500 MPa 时，合金达到最大相变应变，为 1.56%。 

关键词：形状记忆合金；NiTiHfV；H 相；Laves 相；马氏体相变 
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